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RESPONSE TO REVIEWER #1

The authors thank anonymous reviewer 1 for hisfherew of the manuscript and for the
fruitful comments.

1.1 [The study deals about soil moisture, vegeatatieight and phenological stages estimation
by GNSS for a site in southern France and validatm in situ measurements and model
simulations. The approach is sound, the manuseugt-written and adequate for the
audience of HESS. Because of its high quality, fest attempts need to be made to improve
the presentation of the study. E.g., a brief discushow much in situ (soil moisture) data is
necessary to retrieve soil moisture from GNSS digoald clarify the need for adequate
calibration.]

Response 1.1:

Retrieving absolute VSM values in°m? is possible after a calibration phase. The minimum
VSM has to be derived from the situ observations during the experimental time period i
order to determine th&SM,sq term in Eqg. (6). Moreover, a locally adjusted ahf theS
parameter is needed. The retrieval of $hgarameter requires at least one or two months of
VSM in situ observations because soil moisture conditionsimgnigom dry to wet need to be
sampled. However, if a scaled soil wetness indexised instead of soil moisture (see
Response 1.17), na situ VSM observations are needed. This aspect willlagfied in the
revised manuscript.

1.2 [During the investigation period little soil mture variation has been recorded by in situ
and GNSS sensors. The authors should discussawigdnge and its relationship to the
retrieval accuracy of 0.033m™ ]

Response 1.2

Yes, a short period of time is considered in thislg. Vey et al. (2015) used the method from
Chew et al. using field observations over a longigoeof time (2008-2014) for a site
presenting a high percentage of bare soil. Thegiobdt the following scores for GPS VSM
retrievals: B = 0.8, RMSE = 0.05 fm™>. We successfully assessed this method for a wheat
crop field. But the little soil moisture variatian the experiment time period limited the
representativeness of the retrieval accuracy. Liotigee periods should be investigated in
further studies. We will clarify this in the reviésenanuscript.

1.3 [Similarly, longer time periods should be eaged for further studies, this delivers the
basis for further statistical methods such as &rpbllocation. This would better identify the



different uncertainties between the data sets. d&@lhe with the very good results of ISBA
simulations, one could question the need for (&mithl) GNSS measurements.]

Response 1.3:

Yes. In situ VSM observations are not widespreaéfremce and the ISBA simulations are
key for water resource monitoring at the countgleclt must be noted that the ISBA model
is forced by the SAFRAN atmospheric analysis anat tBAFRAN is able to integrate
thousands of in situ raingage observations ovendéraHowever, in situ VSM observations
are needed to validate land surface models andtellige-derived products (e.g. Albergel et
al., 2010). From this point of view, the spatiatakition of GNSS retrievals is an asset. The
area sampled by GNSS retrievals is much larger Wizat can be achieved using individual
soil moisture probes and much smaller than pixet sif satellite-derived products. Longer
time periods of GNSS retrievals should be envisageskrve as independent validation data
sources in statistical methods such as Triple €atlon (Dorigo et al., 2010).
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1.4 [Soil moisture retrieval results could betterdiscussed by including recent literature and
comparing to other GNSS soil moisture retrievalhnds. ]

Response 1.4:

The method from Chew et al. is the latest propasethod, as far as we know. We will
further increase the accuracy of our GNSS VSMewe#is using a scaled soil wetness index
in the revised manuscript (see Response 1.17).

1.5 [The authors ask the question if phenologitafjes can be inferred from GNSS. The
outcome and visibility of the paper could be insegh by giving more specific information
about different stages or managements, e.g. in tdram index or threshold for wheat as an
important representative for all cereals.]

Response 1.5:

We found in our case study, that the tillering ddt2 March) obtained from a GDD model is
close to the start date (10 March) of a multiplekp@eriod (see Section 5.5), when the
vegetation height is about 20 cm, close to one lgagth. Flowering and ripening occur
towards the end of the growing period when the tatge height is no longer increased
compared with 15 days before but slightly declides to wheat heads tipping down. In order



to confirm these findings, it could be recommendedperform GNSS-R measurements
further over wheat fields and other crops, togettién phenological stages observations. We
will clarify this in the revised manuscript.

1.6 [Specific comments: Abstract: More informatiabout the retrieval method should be
added.]

Response 1.6:

Soil moisture is retrieved from the multipath phassuming the relative antenna height is
constant, and the vegetation height is retrievengufie SNR's dominant period derived from
a wavelet analysis. We will rephrase the abstrecom@ingly.

1.7 [P. 2, L. 10f: Refer also to the other L-baatkite SMAP.]
Response 1.7:

Yes, we will cite the Soil Moisture Active Passi&MAP) mission (Chan et al., 2016),
in addition to SMOS.
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1.8 [P. 3, L. 15: introduce L2C.]

Response 1.8:

The SNR of L2C signal is only transmitted by theemt Block [IR-M ("Replenishment
Modernized") and IIF ("Follow-on") GPS satelliteshich is with higher power and more
precise than the signal L1 C/A. We will introduc2.in the revised manuscript.

1.9 [P. 3, L. 26: What characterizes the dominaniogl?]

Response 1.9:

The definition of the dominant period is: the pgakiod of the average power spectrum from

the valid SNR segment data at elevation anglesmgrigpm 5 to 20 degrees. We will clarify
this in the revised manuscript.



1.10 [P. 4, L. 10: Introduce PBO.]
Response 1.10:

PBO HO is an initiative to translate data from the PBteindary Observatory (PBO) sites of
the GPS network in the western United States intlirenmental products (Larson, 2016).

1.11 [P. 5, L. 15: Start the section with explagnthe aim of the calculations.]
Response 1.11:

Due to the motion of the GPS satellites, the palaydd between the direct and reflected
signals cause an interference pattern in the sigmaler of SNR data. The SNR
frequency/period is directly affected by the perpenlar distance from the antenna to the
dominant reflecting surface. Provided the reflagtsurface is stable, the a priori antenna
height can be used to estimate the SNR frequerey SNR frequency is used to calculate the
multipath SNR phase. Then, the SNR phase is usestitmate VSM. If the reflecting surface
is changing in response to vegetation growth, \a&mget height can be retrieved instead of
VSM by directly estimating the dynamic SNR frequgperiod with a wavelet analysis.

1.12 [P. 6, L.10: Again, explain in one or two ss1des the general concept of soil moisture
retrieval before starting the details of this s@tij

Response 1.12:

As the SNR frequency is known (Eq. (3)), it is pblesto estimate the SNR amplitude and
phase. Larson et al. (2008) and Larson et al. (R8thOwed that phase varies linearly with
near-surface VSM (R= 0.76 to 0.90). This result was used by Chew.g2814) to develop
an algorithm to estimate surface soil moisture Gaym) over bare ground.

1.13 [P. 7, L. 9: A discussion about the reasons @a@eds for omitting a soil moisture
retrieval under vegetation is necessary. Why wheereative methods not used?]

Response 1.13:

In conditions of significant vegetation effects, é@het al. proposed an algorithm able to
correct the phase for vegetation effects. FirsNypnorm and AHe are derived by a Lomb-
Scargle Periodogram (LSP) method. Then the obseBMB metrics Anorm, ALsprorm and
AHe) are smoothed using a low-pass filter (Savitzkya@dilter or moving average filter). A
linear nearest neighbor search algorithm wWAthm, Alsenorm and AHe is used to find the
estimated phasepfg) caused by vegetation in a modeled lookup tablee @y values
derived from the lookup table are then smoothedutjin time using the same filter. Then the
expected phase changesd,) due to soil moisture is equal thg, =A@ — @, , Wheredp is

the original observed phase change. This algorithbased on the assumption that the total

phase change is a linear combination of the phhaage due to soil moisture and of the
phase change due to vegetation. Another imporiffet@hce for retrieving soil moisture with



significant vegetation effects is that the slofedf the relationship between phaged;) and
soil moisture changes throughout the ye&ars a function of time, which also needs to be
searched for in the lookup table. Additionally,sthalgorithm is based on an unpublished
lookup table for new L2C GPS signals. Since theeiker we used could not track L2C
signals and since we could not access a relevaktptable, we were not able to correct for
vegetation effects and we retrieved surface soiistuae over a period with rather sparse
vegetation, from 16 January to 5 March.

1.14 [P. 10, L. 3: how independent are the in sifita when some have been used for
calibration? This needs to be clarified.]

Response 1.14:

With the a priori S = 0.0148 Ym3degreé&, only the minimum soil moisture observation
during the time period is used as th&8M,q. We also used thén situ soil moisture
observations and phases from SNR data to fit thal Islope: S = 0.0033 im>3degreé-. In
this situation, only ISBA simulations can be coesell as independent from the GNSS
retrievals. This aspect will be clarified in theviseed manuscript.

1.15 [P. 10, L. 11ff: The reason for larger varigpiin GPS daily soil moisture estimates
could be found in different locations observed. iDgrsatellite overpasses the observed
location moves within the larger “footprint” of t&NSS system.]

Response 1.15:

Yes. Larger variability in GPS sub-daily VSM esties might originate from the different
locations observed. Many local environment facgush as vegetation effects, precipitation,
changes in soil roughness and soil composition peaturb the GPS VSM estimates. During
satellite overpasses the observed location chatogesher with the size of the footprint (the
First Fresnel Zone) of the GNSS system, in relatithe antenna height and elevation angle
range. It might be another cause of the sub-dahability of VSM estimates. Additionally,
issues with the SNR data of the L1 C/A signal drareceiving antenna gain pattern may also
affect the VSM estimates.

1.16 [P. 11, L. 12: What is the reason for usingueve smoothing procedure? What are the
reasons for the leveling effect?]

Response 1.16:

The possible causes of the leveling effect areudised in Section 5: (1) the occurrence of
more than one dominant reflecting surface at differheights (Sect. 5.3) and (2) rapid
phenological changes in the wheat canopy triggegingsponse of the H retrieval (Sect. 5.5).
It must be noted that absolute daily changes inaktl (h), of about 1.1 cm™dare fairly
uniform throughout the growing period. Since h éases when plants grow, relative changes
in h tend to increase. According to EqQ. 4, T bebkaimilarly. This means that the sensitivity
of the retrieval method to changes in H is largetha end of the growing period. This is



probably why leveling is more pronounced betweed-March and mid-April than at the end
of April (see Fig. 7). Leveling is less noticeabieMay.

1.17 [P. 12, L. 22ff: The authors could show thiiegal of a soil wetness index and relate it
to in situ soil moisture by multiplying it to poriog (from in situ measurements or soil maps).]

Response 1.17:

Yes. The phase time series can be normalized fdr satellite track. Then the median value
of the normalized phases from all available saéethiacks can be considered as the final soil
wetness indexgnqex) for each day as shown in Fig. R1.1 (red line).

R R1.1
¢Inde>< ¢max _¢min ( )

This soil wetness index time series is linearlyted with in situ observations {R 0.74) and
ISBA simulations (R = 0.65). Moreover, VSM can be estimated frafgex

VSV' = VSVI obs _min + ¢index []\/SV' obs _max _VSVl obs_min) (R12)

VMops min @and VSMgps max @re the minimum and maximum situ VSM observations during
the experimental time period, respectively. FigR®2 presents the estimated VSM from
GPS soil wetness indexpifsex), together within situ VSM observations and ISBA
simulations. More related scores are shown in TRdlel and the scatter plot between GPS
retrievals fromgingex andin situ observations are shown in Fig. R1.3. We will prégbese
results in the revised manuscript.
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Fig. R1.1 - Median of the daily GPS normalized phases (a@ilness index, red line) and
their daily statistical distribution (black box péd for all available satellite tracks from 16
January to 5 March 2015.
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Fig. R1.2 - In situ daily mean surface volumetric soil morst (VSM) observations at 5 cm
depth (green line), ISBA daily mean simulationsulline), median of the daily GPS
retrievals with soil wetness index (red line) ahdit daily statistical distribution (black box
plots) for all available satellite tracks from l&hdiary to 5 March 2015.
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Fig. R1.3 - Scatter plot between GPS retrievals (Eq. (Rlabgin situ VSM observations
(m°’m™) from 16 January to 5 March 2015.



TableR1.1 - Soil moisture scores from 16 January to 5 M&@h5

GPS GPS
GPS vs.| GPS vs| GPS vs.| GPS vs, ISBA vs.
. . (¢inded) VS.| (Pinded VS.|
insitu ISBA insitu ISBA insitu
insitu ISBA

S (mm>deg?) 0.0148 0.0033 - - -

N 47 43 47 43 47 43 43

MAE (m°m?) 0.036 | 0.034 | 0.011 | 0.018 | 0.007 0.009 0.009

RMSE (mPm™) 0.046 | 0.041 | 0.014 | 0.022 | 0.009 0.012 0.010

SDD (nPm™) 0.036 | 0.037 | 0.009 | 0.012 | 0.008 0.011 0.006

Mean bias ("m~)| 0.029 | 0.019 | -0.010 | -0.018 | 0.003 | -0.005 | 0.008

R® 0.73 | 0.63 0.73 0.63 0.74 0.65 0.88




